In the present study, a stationary convective system persisting for approximately six hours over the Asagiri Highland adjoining Suruga Bay, Japan on 28 July 2010 was investigated primarily using X-band multi-parameter radar observation data. Over the Asagiri Highland with the moist southerly wind from Suruga Bay associated with thermally induced local circulations, 54 precipitating cells were generated continuously. The anvil extending southeastward from the existing precipitating cells did not prevent new precipitating cells from continuous appearance. Thus, the convective system was maintained for approximately six hours. Then, small advection of the transient cells contributed to the formation of a convective system with a horizontal scale of approximately 20 km. Among them, the precipitating cells that appeared over the gradual slope toward Mt. Kenashi, which is located in the western part of Asagiri Highland, moved toward the northwest part of Mt. Fuji. The precipitating cells were supplied with sufficient moisture because the direction was normal to that of moist southerly wind blowing from Suruga Bay. In one of those precipitating cells, two cores were identified. One was associated with a shallow convection below the melting level, and the other with a deep convection. They rained on almost the same position in the precipitating cell. The precipitating cell with such cores brought a localized heavy rainfall by efficiently converting the moisture transported from Suruga Bay into rain.
Introduction
Heavy rainfall often occurs in mountainous regions. A number of studies have reported increased rainfall over mountains (e.g., Dairaku et al. 2004; Sokol and Bliznák 2009; Kuraji et al. 2009 ). Mountain ainfall is one the dominant elements in water circulation processes. The fact that water in the atmosphere gathers in mountain region is of particular interest.
One type of rainfall that occurs over mountains is convective precipitation associated with convective systems, where thermally induced local circulation develops in the moderate environmental wind in summer. Here, an aggregate of cumulonimbus clouds that form a storm or thunderstorm system is defined as a convective system. Each cumulonimbus cloud is referred to as a precipitating cell. The frequency of convective precipitation under calm condition in summer is high over mountains (Kuwagata 1997; Sato and Kimura 2005; Sano and Tsuboki 2006) . Kimura and Kuwagata (1995) and Kuwagata and Kimura (1997) indicated that valley wind circulation transports moisture to mountains from the valley. Using the two dimensional numerical model, Sato and Kimura (2003) found that the moisture around the convergence zone on the leeward side of a mountain increased due to thermally induced local circulation. The convective instability in the lower troposphere was enhanced. Pontrelli et al. (1999) and Rometo et al. (2000) reported that the low-level flow of conditionally unstable air toward mountains was one factor contributing to the occurrence of convective precipitation over mountains.
The organizations of precipitating cells comprising convective systems over mountains have been investigated in previous studies. Kodama and Barnes (1997) suggested that heavy rainfall over the southeast flank of Mauna Loa volcano brought about more than one precipitating cell caused by warm moist air flowing continuously upward from the ocean. Cotton et al. (1983) reported that the outflow from existing precipitating cells composing a thunderstorm over mountains lifted moist air on the downslope side, which generated a new precipitating cell. Caracena et al. (1979) and Yoshizaki and Ogura (1988) found that precipitating cells composing the Big Thompson Storm are generated continuously at the foot of the mountains with moisture transportation. Then, the precipitating cells were organized over the slope in weak environment at wind, which caused an abrupt increment in rainfall. Organizations of precipitating cells occurred by the lifting of large amounts of moisture transported by large disturbance (Maddox et al. 1978) . Sano and Tsuboki (2006) reported that secondary precipitating cells were generated by the lifting of moist air on the upslope side of a primary cell moving down the slope. Thus, the continuous appearance and unique organization of precipitating cells formed a local convective system over mountains. As a result, such convective systems gave rise to localized heavy rainfall (Kodama and Barnes 1997; Caracena et al. 1979) .
The structure and development of precipitating cells, which influence the structure and maintenance of a convective system over mountains, have been discussed based on observations and numerical simulations. Caracena et al. (1979) suggested that the precipitating cells moving upslope had an updraft tilted upslope with rain falling from the rear of the updraft, which contributed to almost unchanging storm. Cotton et al. (1982) indicated that, after passing the cold front, the precipitating cells comprising a quasi-stationary mesoscale convective line over the mountains moved both left and right of the mean wind direction, deriving their inflow from different sources. As a result, the convective line broke. Based on numerical simulations, Miglietta and Rotunno (2009) reported that, in a strong environmental wind, new precipitating cells over the upstream side were generated by lift in the outflow produced through the evaporation of precipitation by a pre-existing precipitating cell on the lee side. The convective system was stationary over the upstream side. However, there have been few studies on stationary convective systems over mountains that consider the organization, movement, structure and development of precipitating cells. Moreover, the behavior of precipitating cells with stationary convective systems that produce heavy rainfall are also not well understood.
Studies of convective systems using dual-polarimetric radar have been carried out. Dual-polarimetric radar observes not only the radar reflectivity factor but also polarimetric parameters for the shapes of precipitating particles, which facilitates the more detailed analysis of a precipitating cell in terms of cloud physics (Wakimoto and Bringi 1988; Brandes et al. 1995; Bringi et al. 1996) . Recently, the use of X-band dual-polarimetric radar, namely X-band multi-parameter radar (X-MP radar), has become widespread. Studies of precipitating systems using X-MP radar have been carried out (e.g., Suzuki et al. 2010) . However, few studies have examined a convective system over mountains using X-MP radar.
Kofu basin is surrounded by a mountainous region where heavy rainfall frequently occurs (Sano et al. 2012) . In April 2009, we installed an X-band multi-parameter radar at Kofu Campus of University of Yamanashi in Kofu Basin (Fig. 1) , hereinafter referred to as the UYR. We carried out the UYR observations to examine precipitation in Kofu Basin and the surrounding mountainous region. During the UYR observations, a convective system composed of precipitating cells (cumulonimbus clouds) appeared over the Asagiri Highland with adjoining Suruga Bay and surrounded by Mt. Fuji and Mt. Kenashi on 28 July 2010. It persisted for approximately six hours under calm conditions. As a stationary convective system that persists for long periods over mountains, we examine the structure, maintenance and development of this system. The main focus is on the behavior of the precipitating cells that form the convective system. The objective of the present study is to elucidate the contributions of precipitating cells to the maintenance of a long-period convective system and to localized heavy rainfall over mountains.
Observation and data
The observation area of the UYR has a radius of 61.75 km and covers Kofu Basin, the Akaishi Mountains to the West and Mt. Fuji and Mt. Kenashi to the South (Fig. 1) . The Asagiri Highland lies between Mt. Fuji and Mt. Kenashi and adjoins Suruga Bay. Thus, the Asagiri Highland is associated with the slope adjoining Mt. Fuji on the eastern part and the gradual slope toward Mt. Kenashi on the western part. Table 1 indicates the specifications of the UYR. For the returned beam, the UYR measured the received power of the horizontal and vertical polarizations (Pr H and Pr V , respectively), the raw Doppler velocity (DVr), the spectral width of Doppler velocity (DWr), the total differential phase (ψ DP ), and the correlation coefficient (ρ HV ). The UYR performs plan position indicator (PPI) volume scans at time intervals of five minutes; the antenna elevation angles were 0.5, 1.0, 1.8, 2.5, 3.6, 4.8, 6.6, 8.8, 11.5, 15.2, 19.7 and 25.6° . Since the UYR is installed in a basin, the observations are affected with a map of Japan and a detailed terrain map of the Asagiri Highland. Contour lines and shaded areas indicate the altitude from 100 m ASL. The contour interval is 500 m from 500 m ASL, and the interval of the thick contour lines is 1,000 m from 1,000 m ASL. The broken line through the UYR runs along 138.57°E.
by beam blocking by the surrounding mountains. However, UYR observation with antenna elevation angles above 1.8°can be used to study precipitation phenomenon over the surrounding mountains. The horizontal and vertical radar reflectivity factors, Z H and Z V , were estimated using the radar equation from Pr H and Pr V , respectively. The differential reflectivity (Z DR ) was then estimated from the estimated Z H and Z V . Z H and Z DR were corrected for system bias by adding 2 dBZ and 0.25 dB, respectively. Then, the Z H and Z DR were corrected for rainfall attenuation based on a study by Park et al. (2005a) . The differential phase (φ DP ) was derived from ψ DP using the method of Hubbert and Bringi (1995) . Using the derived φ DP , the specific differential phase (K DP ) was derived using the method of Doviak and Zrnić (2006) . The Doppler velocity (DV) was derived utilizing an unfolding correction of DVr using the method of Kusunoki et al. (1996) .
A Cressman filter was used to interpolate the parameters to Cartesian coordinates (Cressman 1959) . The horizontal and vertical grid intervals were both 500 m. In order to express the three-dimensional distributions of the parameters, a correction related to the movement of the radar echo was made using the method of Gal-Chen (1982) . The central time for the correction was three minutes after each volume scan started.
In addition to the UYR, MTSAT-IR data, weather charts published by the Japan Meteorological Agency (the JMA), upper air sounding data at Hamamatsu and routine surface observation data of the JMA were used for the analyses in the present study. The latter falls in to two categories: 1) Automated Meteorological Data Acquisition System (AMeDAS), which observes rainfall amount, surface temperature, wind speed, wind direction and sunshine duration and 2) data from the Japan Meteorological Observatory, which observes surface pressure, relative humidity and other items, in addition to the above observations. Furthermore, wind profiler data recorded at Kawaguchiko and a mesoscale objective analysis of the JMA (JMA-MANAL) were used.
In the present study, Local Standard Time (LST = UTC + nine hours) is used. The wind direction is written in shorthand. For example, west-southwesterly and north-northeasterly are abbreviated as 'WSW-ly' and 'NNE-ly', respectively.
Results

Synoptic conditions
At 0900 LST on 28 July 2010, the Japan islands were subject to a moderate pressure gradient that stretches from a Pacific high over the Northern Pacific Ocean to a tropical depression over the East China Sea (Fig.  2a) . The surface condition at 1500 LST was similar to that at 0900 LST although the Pacific high weakened slightly (Fig. 2b) . Thus, the analysis region was subjected to the effect of the Pacific high. The synoptic disturbance on surface was weak with SW-ly wind.
At 500 hPa, localized cold air with a temperature of -6 to -7°C covered the analysis area with SW-ly and WSW-ly winds at 0900 LST (Fig. 3a) . The warm air associated with the tropical low did not arrive at the analysis region. The atmospheric conditions were unstable because of cold air coverage at 500 hPa. At 700 hPa, warm air with weak SW-ly wind and a relatively large difference between the temperature and the dew point temperature (T-Td) was found in the analysis region at 0900 LST (Fig. 3b) . Thus, the atmospheric condition at 700 hPa over the analysis region were affected by the Pacific high. At Hamamatsu, southwest of the analysis region, a convective mixed layer developed below 0.6 km above mean sea level (ASL) (Fig. 4) . The atmospheric condition from the convective mixed layer to 6.5 km ASL was conditional instability. The levels of 0°C and -10°C were approximately 5 km ASL and 6.3 km ASL, respectively. The convective available potential energy (CAPE) lifting the air at 0.1 km ASL was 514 J kg -1 . Chuda and Niino (2005) indicated that the monthly median CAPE at Shionomisaki and Tateno at 0900 LST in July from 1990 to 1999 were 1,728 J kg -1 and 372 J kg -1 , respectively. Although larger than that at Tateno, the CAPE was small in this case. The lifting condensation level (LCL) and the level of free convection (LFC) were 0.66 km ASL and 0.90 km ASL, respectively. Under these conditions, an appropriate convective forcing at low levels was still necessary in order to trigger deep convection.
A SSW-ly wind blew at the lowest layer in Hamamatsu (Fig. 5) . The SSW-ly wind then changed with altitude to a SW-ly wind at 1 km ASL. The direction and magnitude of the vertical wind shear between the lowest layer and 1 km ASL was 80° in azimuth and approximately 4.1 × 10 -3 s -1 , respectively. Between 1 km ASL and 6 km ASL, the direction and speed of winds ranged between 35° and 60° in azimuth and from 6 to 10 m s -1 , respectively. The direction of the vertical wind shear between the lowest layer and each level varied between 49° and 108° in azimuth. The vertical wind shear was reduced to 0.7 × 10 -3 s -1 with increasing altitude. Between 6 km ASL and 7 km ASL, the SW-ly wind shifted to a NW-ly wind. Then, the speed of the NW-ly wind increased with height above 7 km ASL. In the atmosphere, the directions of the vertical wind shear from the lower layer to the middle layer and from the lower layer to the upper layer were different. However the magnitude was small except between the lower layer and 1 km ASL. Figure 6 shows the temperature at the mean sea level calculated on the assumption of a lapse rate of 6.5°C km -1 , as well as the wind speed and direction at meteorological observatories and AMeDAS points. Shizuoka, Omaezaki, Mishima, Irouzaki and Kawaguchiko are meteorological observatories, and the other observation points are AMeDAS points. At 0630 LST, a weak wind from the land was observed at Fuji, Shimizu and Shizuoka in the coastal region of inner Suruga Bay (Fig. 6a ). Furthermore, the sea level temperature at Shizuoka, Shimizu and Fuji at 0630 LST was 26.1°C, 26.0°C, and 26.8°C, respectively. The temperature of the coastal region of inner Suruga Bay was lower than that at other points in coastal regions. The temperature at Omaezaki and Irouzaki were 27.5°C with a SW-ly wind and 27.3°C with a WSW-ly wind, respectively. At 0930 LST, the winds at Fuji, Shimizu and Shizuoka changed to southerly winds. The temperature increased abruptly from 0630 LST (Fig. 6b) . At 1230 LST, the southerly wind at Fuji and Shizuoka developed further and the SSW-ly wind was maintained at Shimizu although the temperature increased slightly from 0930 LST (Fig. 6c) . At 1530 LST, the southerly wind at Fuji, Shimizu and Shizuoka was maintained with a high temperature (Fig. 6d) . At 1830 LST, the temperature of the coastal region of Suruga Bay decreased although the southerly wind was maintained (Fig. 6e) . For this period, SW-ly and SSW-ly winds with temperatures of 27 to 30°C were maintained at Omaezaki and Irouzaki, which is associated with the Pacific high (Fig. 2a) . Thus, a local southerly wind developed at the coastal region of inner Suruga Bay.
Surface conditions for the inner coastal region of Suruga Bay
At Fuji (Fig. 7a) , the weak NNW-ly wind changed into a weak SSE-ly wind at 0650 LST. Until 1130 LST, a southern component of the wind developed with increasing temperature. After 1110 LST, southerly and SSW-ly winds with speeds of 3 to 5 m s -1 were main- tained. The temperature decreased gradually from 1300 LST, which indicates the development of a local southerly wind. The time variations of wind and temperature at Shimizu were similar to those at Fuji (not shown).
At Shizuoka (Fig. 7b) , the weak NNW-ly wind changed into a weak SSW-ly wind at 0730 LST. Until 1030 LST, a southern component of the wind developed with increasing temperatures. The local southerly and SSW-ly winds blew from 1030 LST to 1720 LST. The temperature decreased gradually after 1300 LST. Furthermore, the water vapor mixing ratio increased abruptly between 1000 LST and 1300 LST and stayed at approximately 19 g kg -1 until 1720 LST. When the local southerly and SSW-ly winds blew, the surface pressure at Shizuoka decreased from 1000 LST to 1720 LST (not shown). The sea surface temperature in Suruga Bay, which was analyzed using the method of Gemmill et al. (2007) , was approximately 29°C (not shown). Thus, the local southerly wind contained a large amount of warm, moist air. Then, the local southerly wind from Suruga Bay blew to the Asagiri Highland.
Cloud over the Asagiri Highland observed by
MTSAT-IR Based on the MTSAT-IR visible and infrared data, Fig. 8 shows the temporal variation of the cloud distribution for the synoptic and surface conditions. The MTSAT-IR data correspond to the observational results within 30 minutes before the top of the hour. A region of large albedo appeared at 1100 LST in the southern region of the Asagiri Highland (Fig. 8a) , and covered the Asagiri Highland from 1200 LST (Fig. 8b) .
At 1300 LST, a small area with the Equivalent Black Body Temperature (T BB ) less than -5°C appeared in the large albedo region (Fig. 8c) . A T BB ≤ -15°C area extended southeastward from the Asagiri Highland at 1400 LST and a T BB ≥ -15°C area extended northeastward ( Fig. 8d) . At 1500 LST, a T BB ≤ -35°C area extended southeastward with the large albedo (Fig. 8e) . Then, a T BB ≥ -15°C area extended further northeastward. At 1600 LST, the T BB and albedo distributions were similar to those at 1500 LST (Fig. 8f ). Low-T BB regions became small at 1700 LST, and disappeared at 1800 LST (Figs. 8g, h). The albedo on the Asagiri Highland also became small. In the morning, clouds extended over the Asagiri Highland, with a localized southerly wind with warm, moist air under synoptic condition. A stationary convective system associated with cumulonimbus clouds was then maintained for approximately six hours over the Asagiri Highland. The extensions of the middle and upper cloud were almost parallel to those of the environmental winds at the middle and upper layers, respectively. The stationary convective system was observed by the UYR. In the following subsections, the results of the UYR observation are described.
Structure of the echo system over the Asagiri
Highland and behavior of constituent cellular echoes Figure 9 shows the echo at 3 km ASL every 20 minutes from 1148 LST to 1728 LST. In the present study, the echo system, which corresponds to a convective system, consisted of cellular echoes. In previous studies, a cellular echo was defined by a strong and closed echo with Z H larger than 20 or 30 dBZ (Shusse et al. 2005; Sano and Tsuboki 2006) . In the present study, a cellular echo is defined as a strong and closed echo with a Z H of greater than 40 dBZ (Z H ≥ 40 dBZ), which corresponds to a precipitating cell in the developing and mature stages. When a cellular echo has became weakened with a Z H of less than 40 dBZ (Z H ≤ 40 dBZ), its structure was broken and becomes stratiformed. A cellular echo is hereinafter referred to as a cell.
Cells A-O appeared over the slope adjoining Mt. adjoining Mt. Kenashi. However, these cells were weaker than those before 1548 LST, and the weak echo at 9 km ASL disappeared. From 1628 LST, weak cells appeared over the gradual slope adjoining Mt. Kenashi and formed a line running north. During this period, 54 cells appeared and disappeared, which maintained the stationary echo system. In order to illustrate the stationary echo system and the behaviors of the constituent cells, Fig. 10 shows horizontal sections of the six-hour averaged Z H at 3 km ASL and 9 km ASL, the horizontal distribution of the maximum height of Z H ≥ 40 dBZ and the paths of cells with the appearance and disappearance points between 1140 LST and 1740 LST. The horizontal scale of the averaged echo was approximately 20 km. The averaged echo at 3 km ASL extended northeastward, which corresponds to the direction of the environmental wind in the middle layer (Fig. 5) . In an averaged echo, a region with an average Z H ≤ 30 dBZ at 3 km ASL appeared over the upslope area toward the northwestern foot of Mt. Fuji. In this region, the maximum height of Z H ≥ 40 dBZ was above 8 km ASL. Then, the averaged Z H at 9 km ASL extended southeastward from the large average Z H region at 3km ASL, which corresponds to the direction of the environmental wind at the upper layer (Fig. 5) the arrival at the northwestern foot. The mean movement speed and azimuth of cells were 4.2 m s −1 and 40°, respectively. The direction corresponded to that of the environmental wind in the middle layer (Fig.  5) . However, the speed was less than that of the environmental wind. The mean and maximum movement distances of cells were approximately 5.3 km and 10 km, respectively. The paths of most cells were through approximately the same local region, which corresponds to the localized region with Z H ≥ 30 dBZ at 3 km ASL and a maximum height of Z H ≥ 40 dBZ larger than 8 km ASL in the averaged echo. A weak average echo at 9 km ASL extended southeastward from the paths and the disappearance points of cells. The constitute cells contributed to the formation of the stationary echo system with a scale of approximately 20 km, 0 10 5 (km) localized high reflectivity and configuration sensitive to the environmental wind. Figure 11a shows the durations of the appearance of cells. The cell appearance duration was defined as the period between its appearance and disappearance at 3 km ASL. The range of cell appearance duration was from 5 to 40 minutes (Fig. 11a) , with an average and standard deviation of 19 and nine minutes, respectively. Most cells developed in a short time and then weakened. Based on the definition of the precipitating cell in the present case, the cell appearance durations might become shorter than the values for precipitation reported in previous studies (e.g., Houze 1993 ). However, cell appearance duration reflect their developing and mature stages.
A total of one to four cells existed at each time ( Fig.  11b) , contributing to the long-term maintenance of the echo system. Then, between 1300 LST and 1540 LST, the maximum height and area of the Z H ≥ 40 dBZ region were larger than the values before 1300 LST and after 1540 LST although the number of cells did not increase. The maximum height and area of the Z H ≥ 40 dBZ region before 1300 LST increased with the increasing number of cells and then decreased with decreasing number of cells after 1540 LST. In particular, the maximum height and area of the Z H ≥ 40 dBZ region was small before 1225 LST and after 1700 LST although a few cells existed. Figure 12 shows the paths of cells and rainfall values at 2 km ASL in each period. Rainfall is estimated by Z H and K DP using Park et al. (2005b) . From 1140 LST to 1300 LST, rainfall was greater than 10 mm at the short paths of cells over the slope adjoining Mt. Fuji (Fig. 12a) . From 1300 LST to 1540 LST, rainfall values exceeding 50 mm with a peak larger than 120 mm were in the paths of cells moving from the gradual slope toward Mt. Kenashi to the northwestern foot of Mt. Fuji (Fig. 12b) . From 1540 LST to 1740 LST, rainfall was greater than 30 mm in the paths of cells moving north-northeastward from the gradual slope of Mt. Kenashi.
In the Asagiri Highland with a scale of 10 km, the positions at which cells appeared shifted from the slope adjoining Mt. Fuji to the gradual slope toward Mt. Kenashi, namely from the eastern side to the western side. Thus, the localized heavy rainfall also shifted. In particular, the rainfall at 1300 LST to 1540 LST was extreme. The cells that appeared from 1300 LST and 1540 LST contributed to the formation of strong localized heavy rainfall in the convective system. Therefore, in order to clarify the structure and evolution of constituent cells which formed the localized heavy rainfall, cells T, U, V, W, X and Y which developed from 1348 LST to 1408 LST. are described as the examples in the next subsection because the structures, movement and development of these cells were more clearly observed than those of the other cells.
Structure of the cellular echoes and radial
velocity distributions in the lower layer In order to describe the development of cells, we show the time variation of cells with Doppler velocity (DV) in the lower layer. In the analysis of DV, we investigate the wind condition over the Asagiri Highland before the cells develop. At Kawaguchiko, the wind profiler observed westerly and WSW-ly winds at 1,254 m ASL and SW-ly wind at 1,550 m ASL from 1030 LST to 1300 LST respectively (Fig. 13) , which was similar to the environmental wind. Then, the local southerly wind at the surface was maintained at Fuji (Fig. 7a) . Figure 14 shows the PPI images of DV at elevation angles of 1.8° and 2.5° with Z H at an elevation angle of 4.8° at 1218 LST. A negative velocity indicates the radial velocity toward the UYR (hereinafter VtY). The level with an elevation angle of 1.8° at distances to the UYR of from 25 km to 40 km, namely, over the Asagiri Highland, is 0.8 km ASL to 1.3 km ASL, and that with an elevation angle of 2.5° elevation angle is 1.0 km ASL to 1.7 km ASL. The velocity distribution at the two elevation angles indicates the wind condition in the lower layer over the Asagiri Highland. At an elevation angle of 1.8° (Fig. 14a) , VtY decreased toward the northeast at the northern Asagiri Highland with weak Z H , and the weak echo moved northeastward (not shown). At cell C over the slope adjoining Mt. Fuji, VtY abruptly decreased toward the north and west. Cell C then developed abruptly (not shown). These velocity patterns also appeared at an elevation angle of 2.5° (Fig. 14b) .
From these observation facts, it is suggested that, at the lower layer over the Asagiri Highland, the local southerly wind from Suruga Bay ascended the slope and intruded into the environmental SW-ly wind field. The southerly wind contributed to the development of a cell. Furthermore, it is mentioned that the velocity pattern at an elevation angle of 2.5° reflects the wind conditions. In the following, under the assumption that the local southerly wind intrudes into the SW-ly wind field over the Asagiri Highland, a radial convergence, namely a shearline, at the lower layer over the Asagiri Highland is roughly suggested by the maximum radial gradient (∂Vr/∂r) with decreasing VtY at an elevation angle of 2.5°. In addition, a radial divergence is also BB  CC  DD  EE  FF  GG  HH  II  JJ  KK  LL  MM  NN  OO  PP  QQ  RR  SS  TT  UU  VV  WW  XX  YY  ZZ roughly indicated by the negative radial gradient with increasing VtY. At 1348 LST (Figs. 15a, b) , weakening cell T over the northwestern foot of Mt. Fuji was associated with the radial divergence with increasing VtY on the northern side of the shearline. Developed cell U on the southwest side of cell T was between two shearlines in the northern and southern sides. The northern shearline was associated with weak VtY on the northern side. On the other hand, the southern shearline was associated with large VtY on the southern side. The core of cell U appeared at 6 km ASL on the southern shearline. Cell V also appeared at the shearline. Then, the radial divergence appeared on the northern side of the shearline.
Cell U began to weaken at 1353 LST and the shearline did not appear clearly but the radial diver- gence appeared at cell U (Figs. 15c, d ). Cell V had the northern shearline with a radial divergence on the north side and the southern shiearline with large VtY on the south side. On the southern shearline, a new Z H core appeared at 6 km ASL. At 1358 LST (Figs. 15e, f) , the radial divergence with increasing VtY extended to the northern side from weakening cell U. Cell V maintained two shearlines at 1353 LST. The weak VtY appeared on the northern side of the northern shearline. Then, the core at 6 km ASL developed abruptly on the southern shearline with a large VtY on the southern side. Over the gradual slope toward Mt. Kenashi, cell W with a shearline in the southern part appeared. On the north side of cell W, a radial divergence appeared.
At 1403 LST (Figs. 15g, h ), the radial divergence with increasing VtY appeared at cell W on the northwestern foot of Mt. Fuji. Cell V on the slope toward the northwestern foot had a shearline in the center, and a weak VtY appeared on the northern side. Cell W also had a shearline in the center, and a large VtY appeared on the southern side. Cells X and Y appeared on the shearline with a large VtY on the southern side over the gradual slope toward Mt. Kenashi.
For this period, the developing cells were associated with the shearline with large VtY on the southern side. Weakening cells moving to the northwestern foot of Mt. Fuji were associated with the shearline with weak VtY on the northern side or the radial divergence with the increasing VtY. In particular, cells U and V developed abruptly with the northern shearline with weak VtY on the northern side and the southern shearline with the large VtY on the southern side. In order to examine the structure and evolution of cells in detail, observed cell V appeared to weaken as described using polarimetric parameters in the next subsection. Figure 16 shows the vertical sections of Z H , DV, Z DR and K DP for cell V between 1348 LST and 1403 LST along the lines in Fig. 15 . Lines V1-V1', V2-V2', V3-V3' and V4-V4' pass the UYR and are approximately parallel to the downslope toward Suruga Bay. Thus, the horizontal axis (X-axis) in Fig. 16 indicates the distance from the UYR.
Vertical distributions of multi-parameters at cell V
Cell V at 1348 LST had a Z H ≥ 40 dBZ height of 6 km ASL, and the Z H ≥ 50 dBZ core V1 was below the 0°C level at X = 31 to 35 km (Fig. 16a) . Below 2 km ASL, VtY entering from the Suruga Bay side (right in the figure) decreased at the shearline as well as extending slightly upward. At 5 km ASL, VtY increased on the northern side (left in the figure) of the shearline. These VtY patterns suggest the convergence and divergence at the lower and upper parts of core V1, respectively. On the northern side of the shearline, VtY decreased slightly from 4 km ASL to 2 km ASL along core V1. Then, VtY increased slightly below 2 km ASL, which corresponds to the radial divergence (Fig. 15b) . At the shearline, a large positive Z DR column with a height of 3 km appeared below 3 km ASL (Fig. 16b) . Then, a large positive Z DR column with a height of 5 km appeared on the northern side of the shearline. From the K DP core at 4 km ASL, a large K DP region extended to the slope on the northern side of the shearline. Large Z H with large Z DR and K DP below the level of 0°C suggests the existence of raindrops (Doviak and Zrnić 2006) . Brandes et al. (1995) suggested that the positive Z DR column was closely tied to the updraft and was dominated by a small number of large raindrops. Then, Hubbert et al. (1998) discussed that the K DP swath appeared in the updraft/downdraft interface region. Thus, core V1 was characterized by a shallow convection with large raindrops formed on the shearline and several raindrops falling on the northern side of the shearline.
At 1353 LST, core V1 fell to the slope at X = 30 to 32 km at the northern shearline (Fig. 16b) . On the southern side of the northern shearline, VtY with a slight upward extension remained below 2 km ASL. On the northern side of the northern shearline, large VtY appeared at 3 to 6 km ASL. These VtY pattern were almost similar to those at 1348 LST. On the other hand, on the northern side of the northern shearline and below 2 km ASL, a VtY pattern that was large in the lower part appeared, which suggests blowing at the lower part of core V1. A large positive Z DR column lay within core V1 on the northern side of the northern shearline. Then a large positive K DP column appeared here. Core V1 maintained shallow convection, but began to weaken. On the southern side of core V1, core V2 appeared at 5 km ASL on the northern side of the southern shearline. Below 2.5 km ASL on the southern side of the southern shearline, VtY entering from the Suruga Bay side decreased with an upward extension from the lower layer. On the northern side of the southern shearline, a weak VtY appeared at core V2. Then, VtY at 7 km ASL increased toward the north from the southern shearline. These VtY patterns suggest convergence below 3 km ASL and divergence at 7 km ASL. A large positive Z DR column was present below 6 km ASL in the southern shearline. On the other hand, small positive K DP appeared on the northern side of the southern shearline. Hubbert et al. (1998) indicated that the positive Z DR column is located on the inflow side. Core V2 was associated with a new convection with formation of large raindrops on the southern shearline.
At 1358 LST (Fig. 16c) , core V1 fell to the slope on the northern side of the northern shearline. VtY decreasing toward the north from 2 km ASL to 4 km ASL was tilted to the north at core V1. On the southern side of the northern shearline, however, upwardly decreasing VtY in the lower part did not appear. While, below 2 km ASL, VtY gradient with large (small) at the lower (upper) part became prominent. Then, large positive Z DR and K DP appeared below 2 km ASL on the northern shearline. This condition was similar to that at 1353 LST although core V1 weakened. Then, the outflow developed in the lower part of core V1. Core V2 had Z H ≥ 50 dBZ from 2 km ASL to 6 km ASL on the northern side of the southern shearline. VtY increased downward from 8 km ASL along core V2 on the northern side of the southern shearline. On the other hand, VtY below 2.5 km decreased at the southern shearline. Then, VtY at the lower layer extended upward from 2.5 km ASL at X = 35 km. These VtY pattern were almost similar to those of core V2 at 1353 LST. The positive Z DR value achieved a peak at 4 km ASL on the northern side of the southern shearline, whereas a large positive Z DR column was also present below 4 km ASL. Then, Z DR decreased at a height above 5 km ASL, namely, the 0°C level. The K DP core appeared at 4 km ASL on the northern side of the southern shearline. Then, the large K DP region extended to the slope. On the other hand, K DP above 5 km ASL was small. Doviak and Zrnić (2006) indicated that large Z H with small Z DR and K DP above the 0°C level suggests the existence of ice precipitating particles (e.g., dry and wet graupel, snow, etc.). Core V2 had a deep convection with the formation of raindrops and large ice precipitating particles. Then, the large ice precipitating particles fell to the lower layer on the northern side of the southern shear line and changed to raindrops due to melting when they passed at the 0°C level.
Core V2 fell to the slope at the shearline (Fig. 16d ). VtY at 2 to 6 km ASL decreased toward the shearline. Below 2 km ASL, VtY in the lower part became large at the shearline. A large positive Z DR column and large positive K DP column existed below 4 km ASL at X = 30 km to 32 km. At the time, core V2 was congruent with the large positive Z DR column and the large positive K DP column. Core V2 formed the outflow with the fall of several large raindrops.
Discussion
Moisture transportation toward the Asagiri
Highland from Suruga Bay Kimura and Kuwagata (1995) and Kuwagata and Kimura (1997) indicated that moisture is transported to a mountain from a valley associated with valley wind circulation under calm conditions. In order to discuss the transportation of moist air associated with the local circulation, Fig. 17 shows the vertical sections of velocity subtracted from the environmental southerly speed and water vapor mixing ratio derived by JMA-MANAL below the 800 hPa level along 138.57°E (Fig. 1) . The level of 800 hPa was approximately 2 km ASL. The environmental southward wind component was 4 m s -1 , as derived by the sounding observation (Fig. 5) . At 0900 LST, the subtracted velocities below and above the 900 hPa level were toward and from the Asagiri Highland, respectively. The water vapor mixing ratio for Suruga Bay was larger than that for the Asagiri Highland (Fig. 17a) . At 1500 LST (Fig.  17b) , the subtracted velocity near the Asagiri Highland ascended along the slope. Then, the water vapor mixing ratio for the Asagiri Highland increased, whereas that for Suruga Bay decreased (Fig. 17b) . We consider that the moist air was transported from Suruga Bay to the Asagiri Highland associated with thermally induced local circulation.
Before the appearance of the convective system, large albedo appeared on the Asagiri Highland and the southward slope of Mt. Fuji (Figs.8a-c) , which indicates the appearance of clouds. The Froude numbers for Mt. Fuji and Mt. Kenashi calculated using the sounding data at Hamamatsu at 0900 LST were 0.12 and 0.33, respectively. The airflow with low Froude numbers does not cross but flows around the mountains. The speed of upward motion from Fuji (138.66°E, 35.19°N and 66 m ASL) to the Asagiri Highland (138.58°E, 35.35°N and 750 m ASL) was roughly estimated. The height and distance from Fuji to the Asagiri Highland were 684 m and 21,880 m, respectively. Then, the wind speed at Fuji was 5 m s -1 (Fig. 7a) . The estimated upward velocity was 0.16 m s -1 . Using two-di- mensional numerical simulation, Mahrer and Pielke (1977) indicated that the speed of the upward motion associated with a valley wind of approximately 5 m s -1 over the slope was estimated to be approximately 0.2 m s -1 . We consider that the airflow with moisture went around Mt. Fuji and Mt. Kenashi. Then the moist air was accumulated and lifted over the Asagiri Highland.
The LCL at 0.66 km ASL and LFC at 0.90 km ASL were similar to the altitude of the Asagiri Highland. Yamada et al. (2007) indicated that the descent of LFC in the daytime was associated with the continuous supply of high-θ e air near the surface. The range of surface θ e in Shizuoka was between 348 K and 354 K from 1100 LST to 1730 LST (Fig. 18) . Compared to the θ e * profile below 1 km ASL at Hamamatsu at 0900 LST, it should be mentioned that the moist air from Suruga Bay had the potential to maintain the LFC between 0.6 km ASL and 1 km ASL.
Yamasaki (2007) suggested that latent instability should be present at the initial time of convective activity and the rainfall. Maddox et al. (1978) and Caracena et al. (1979) revealed that the conditionally unstable air continued to advect toward the mountain slope in the lower layer with a large disturbance, which caused the development of a long-duration storm. In the present case, over the Asagiri Highland with the wind associated with the thermally induced local circulation going around the mountains, the conditional instability was maintained by the accumulation of moist air and was released by the upward motion forced the terrain. Furthermore, these conditions were maintained for a long time. As a result, we illustrate a stationary convective system maintained over the Asagiri Highland for approximately six hours in calm conditions with a small horizontal scale.
Behaviors of precipitating cells constituting the
stationary convective system over the Asagiri Highland Over the Asagiri Highland, 54 precipitating cells appeared over a period of approximately six hours without interruption (Figs. 10, 11) . For the period, some precipitating cells maintained and formed a short line toward the northeast (Fig. 9 ). In the environment that the SSW-ly wind changed to SW-ly wind with increasing altitude below 1 km ASL and the SW-ly wind blew at 1 to 6 km ASL, these cells moved toward the northeast. The direction was approximately parallel to that of the environmental wind at 1 to 6 km ASL. However, the average speed was less than that of the environment wind (Fig. 7b) . Kato (2006) propounds that the lifted air receives acceleration in the direction of wind in the middle layer by absorbing the momentum from the environmental flow and deceleration in the direction of wind in the lower layer while losing some of the horizontal momentum. This is discussed on the assumption that the movement of convective cell corresponds to that of lifted low-level humid air, the atmosphere as Boussinesq fluid, and model of two horizontal wind vectors of the low-level wind flowing into the convergence line and the middle-level environmental wind. The speed of a convective cell, however, does not become equal to that at the environmental flow in the middle layer because a convective cell has a limited lifetime. In the present study, the movement of the precipitating cells was considered to have been affected by acceleration in the middle layer and deceleration in the lower layer caused by the environmental wind with vertical wind shear from the lowest layer to 6 km ASL. Then, since the precipitating cells had short lifetimes, the speed did not increase sufficiently.
When the developed precipitating cells moved, the anvil extended southeastward from the cells, which corresponds to the environmental wind at the upper layer (Figs. 5, 8) . The anvil has mesoscale downward motion with sublimation, evaporation and melting (Stensrud et al. 1991) . Therefore, the mesoscale downward motion associated with the anvil often works to suppress the occurrence of new precipitating cells (Sano and Tsuboki 2006) . However, in the present study, the anvil did not extend over the Asagiri Highland (Figs. 5, 10) . We suggest that the mesoscale downward motion associated with the anvil did not appear on the Asagiri Highland, and did not suppress the occurrence of new precipitating cells.
From the above concerning the behavior to the cells, we consider that the convective system was maintained by the following contributions of constituent precipitating cells: the continuous appearance of precipitating cells over the Asagiri Highland, the movement of the cells toward the northeast in the vertical wind shear at the lower and middle layer, the formation of the short line of precipitating cells and extension of the anvil from the cells to the southeast along the environmental wind in the upper layer. Kanada (2005) indicated that a rainband with a length of approximately 100 km extended from the Nagasaki Peninsula, namely Isahaya line, was composed of convective clouds appearing over the southeast-facing slope and moving to the east-northeast. These clouds moved at approximately 17 m s -1
with the wind at 2 to 4 km ASL, and were strengthened by moisture supplied by the southerly wind in the lower layer. The precipitating cells in the present case moved more slowly, and disappeared before arriving at the northwest foot of Mt. Fuji (Figs. 10, 11 ). The direction of their movement was approximately normal to southerly winds with moisture. We consider that the precipitating cells supply moisture on the Asagiri Highland. Before the precipitating cells arrived at the northwest foot, however, they did not supply moisture because of the blocking by Mt. Fuji. As a result, a number of precipitating cells maintained to form a short line, and the horizontal scale of the convective system was maintained approximately 20 km.
Localized heavy rainfall brought by the stationary convective system and paths of the constituent precipitating cells
Although precipitating cells moving slowly formed the 20 km horizontal scale of the convective system, the localized region and echo height with high reflectivity were formed in the convective system (Fig. 10) . In particular, the rainfall amount between 1300 LST and 1540 LST was greater than that before 1300 LST and that after 1540 LST (Fig. 11) . In the Asagiri Highland. with the range of approximately 10 km, the appearance points of precipitating cells were different in each period. Then, their paths in each period corresponded to the region of localized rainfall. The development of the convective system appears to have been controlled by the development of precipitating cells, and the development of the precipitating cells depended on the appearance points and paths of the cells.
The Z H ≥ 40 dBZ height before 1300 LST and after 1540 LST was lower than that between 1300 LST and 1540 LST (Fig. 11b) . For each period, precipitating cells with shallow convection features mainly appear to dominate the convective system. Most precipitating cells that appeared on the slope adjoining Mt. Fuji, namely the eastern part of the Asagiri Highland, at 1140 LST to 1300 LST migrated toward the northwest part of Mt. Fuji (Fig. 12a) . These cells were considered not to have been supplied with sufficient moisture, and did not develop with deep convection. Then, the precipitating cells that appeared on the gradual slope toward Mt. Kenashi, namely the western part of the Asagiri Highland, at 1540 LST to 1740 LST also had not developed sufficiently (Figs. 11b, 12c ). For this period, the temperature at Fuji and Shizuoka decreased slightly although the water vapor mixing ratio remained high (Fig. 7) , which caused the weakening conditional unstable air at the lower layer. As a result, the precipitating cells appeared before 1300 LST and after 1540 LST did not develop abruptly.
Between 1300 LST and 1540 LST, the precipitating cells appeared over the gradual slope toward Mt. Kenashi, namely the western part of the Asagiri Highland. Then they moved toward the northwest part of Mt. Fuji (Fig. 12b) , specifically the direction normal to southerly wind with moisture. The speed of these cells was slow although the moving distance was short. However, the paths corresponded to the region of localized heavy rainfall. The Z H ≥ 40 dBZ height between 1300 LST and 1540 LST was maintained approximately 8 km ASL (Fig. 11b) , which indicates the domination of precipitating cells with a deep convection. Above these cells, it is considered that the precipitating cells were supplied with sufficient moisture when they moved on the Asagiri Highland. These cells developed with deep convection. As a result, heavy rainfall was generated in the local region.
Structure of the precipitating cells formed the
localized heavy rainfall Since one of the constituent precipitating cells formed the localized heavy rainfall, the structure of cell V is described. First, cell V had core V1 with a shallow convection. Large raindrops formed on the shearline and several raindrops fell on the northern side of the shearline (Fig. 16a) . Then, behind core V1, core V2 had deep convection with the formation of raindrops and large ice precipitating particles (Figs.  16b, c) . Then, large ice precipitating particles changed to raindrops due to melting. The raindrops fell to the lower layer on the northern side of the shearline (Figs.  16c, d) .
At the lower part of falling cores with large positive Z DR and K DP columns, a shearline with weak velocity on the northern side appeared which indicates the formation of outflow. Weakened cells T and U appeared before cell V was associated with the increasing velocity toward the UYR on the downslope of the northwestern foot of Mt. Fuji (Figs. 15b, d, f) . However, the velocity pattern suggested that the dry air intruding into cell V in the middle layer had not appeared. At Kawaguchiko, westerly and WSW-ly winds appeared with the decrease of temperature at mean sea level and the increase of relative humidity from 1340 LST to 1430 LST (Figs. 9, 19 ). We consider that the downdraft was caused by loading and evaporation of raindrops, which formed a moderate outflow. The speed of the gravity current which moves down from the Asagiri Highland was roughly estimated using a gravity current thickness of 500 m, a temperature of 303 K and the speed of the environmental wind of 4 m s -1 . The estimation was from 2.6 m s -1 to 6.6 m s -1 for the temperature difference of from 1 K to 4 K, and the speed was low. A north wind component with low temperature was not observed at Fuji (Fig. 7b) . Thus, the outflow did not move down to Suruga Bay, which prevented the propagation of precipitating cells toward Suruga Bay. Doswell et al. (1996) reported that the effect of cell movement and storm propagation can occur in opposite directions, resulting in a nearly stationary storm. Then, it is mentioned that, in weak environmental wind shear, new cells can develop near the existing cells if the low-level outflow is not so strong that it undercuts the updraft. In the present case, the core V2 developed on the southern side of weakened core V1 in cell V, which was moving toward the northeast (Figs. 16b, c) .
At the lower part of falling core V1, weak outflow was formed and did not move down the slope. We consider that, on the heels of the development of core V1, core V2 developed with the lifting of conditionally unstable air transported continuously from Suruga Bay over the slope. The structure of the cores was similar to those of the cells in Doswell et al. (1996) , except for the formation in the precipitating cell moving toward northeast and the formation process of core V2. In cell V, the falling positions of core V2 was similar to that of core V1. In particular, core V2 with deep convection and a cold precipitating process contributed in the amount of rainfall. Furthermore, the water vapor which was transported from Suruga Bay to the shearline was efficiently brought to the northern side of the shearline as rainfall through the development of the cores. We consider that the formation of cores in the precipitating cell was one of the dominant elements in the formation of localized heavy rainfall and the maintenance of stationary convective system.
Summary
The stationary convective system that was maintained over the Asagiri Highland for an extended period in summer was investigated in detail. Based on the results of this analysis, we discussed the structure, maintenance and development of the stationary convective system based on primarily the behaviors of the precipitating cells.
Before the occurrence of the convective system, moist air was transported to the Asagiri Highland from Suruga Bay in association with the thermally induced local circulation, which strengthened the conditional instability over the Asagiri Highland. Then, the LCL at 0.66 km ASL and the LFC at 0.90 km ASL were approximately the same altitude as those of the Asagiri Highland. As a result, the precipitating cells were caused by lifting unstable air over the Asagiri Highland (Fig. 10) . The stationary convective system was composed of 54 precipitating cells, which appeared over the Asagiri Highland continuously. Then the anvil in the upper part extended toward the southeast from the developed and weakening cells along the vertical wind shear between the lower and upper layers, which did not prevent their continuous appearance. These factors contributed to the maintenance of the stationary convective system.
The averaged moving speed and direction of precipitating cells were 4.2 m s -1 and 40° in azimuth respectively, in an environment where the SSW-ly wind changed to SW-ly wind with increasing altitude below 1 km ASL and the SW-ly wind blew at 1 to 6 km ASL. The range and average of the appearing time of precipitating cells were 5 to 40 minutes and 19 minutes respectively, so that the moving distance of precipitating cells was short. As a result, the precipitating cells, which appeared continuously, were maintained and formed a short line toward the northeast, which maintained the approximately 20-km horizontal scale of the convective system.
In the Asagiri Highland with a range of approximately 10 km, the appearance points and movement of precipitating cells were different in each period. The precipitating cells, which appeared on the slope adjoining Mt. Fuji at 1140 LST to 1300 LST, migrated toward the northwest part of Mt. Fuji and weakened before arriving at the northwestern foot of Mt. Fuji. Then, the precipitating cells that appeared on the gradual slope toward Mt. Kenashi at 1540 LST to 1740 LST also developed insufficiently. In both periods, the convective system was dominated by the precipitating cells with a short convection. While, the precipitating cells which appeared on the gradual slope toward Mt. Kenashi at 1540 LST to 1740 LST migrated toward in a direction normal to southerly wind with moisture over the Asagiri Highland. The precipitating cells were then supplied with sufficient moisture and developed with deep convection. In this period, the precipitating cells formed localized heavy rainfall, and the rainfall amount was far greater than for other periods. Thus, it seems that the development of precipitating cells varied according to the difference of appearance points of precipitating cells in the Asagiri Highland and the paths from each appearance point. These factors affected the evolution of the convective system.
Since one of the constituent precipitating cells produced localized heavy rainfall, the structure of cell V was investigated. First, cell V had core V1 with a shallow convection. Large raindrops formed on the shearline and numerous raindrops fell on the northern side of the shearline. Then, behind core V1, core V2 had deep convection with the formation of raindrops and large ice-precipitating particles. Large ice precipitating particles changed to raindrops due to melting. The raindrops fell to a lower layer on the northern side of the shearline. Thus, the structure of the cores contributed to the efficient transportation of water vapor from Suruga Bay to the northern side of the shearline through the precipitating processes. These precipitating processes were one element in the formation of localized heavy rainfall and the maintenance of the stationary convective system.
In the present study, it found that in the maintenance of the stationary convective system over the Asagiri Highland that moisture was transported from Suruga Bay associated with thermally induced local circulation was due to the continuous appearance of precipitating cells. Furthermore, it was also found that the differences in the appearance points and the paths of the precipitating cells on the Asagiri Highland in with a 10-km horizontal scale caused a large difference in their development, which caused a large difference in the amount of localized heavy rainfall. Thus, we found one example in which the localized heavy rainfall over mountains in summer is caused by not only the continuous appearance of precipitating cells on a local region but also the movement, structure and development of precipitating cells which can efficiently bring transported moisture to the surface as heavy rainfall. Such behaviors in precipitating cells controlled the locality, intensity and amount of heavy rainfall which was brought by the stationary convective system over mountains. Furthermore, in order to study the water circulation process, the results also help to clarify the dominant part of water circulation process which brought moisture from mountains to mountains as rainfall. tion, Culture, Sports, Science and Technology (MEXT) of Japan. The authors would like to thank Dr. Yasutaka Wakazuki of Tsukuba University for providing the program for producing the PPI and CAPPI data of the meteorological radar data. We would also like to thank Dr. Tokio Kikuchi of Kochi University for providing MTSAT-IR data. We thank two anonymous reviewers for their helpful comments. The Grid Analysis and Display System (GrADS) was used to draw the figures.
